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ABSTRACT
PSR J2032+4127 is a young and rapidly rotating pulsar on a highly eccentric orbit
around the high-mass Be star MT91 213. X-ray monitoring of the binary system over
a ∼4000 d period with Swift has revealed an increase of the X-ray luminosity which we
attribute to the synchrotron emission of the shocked pulsar wind. We use Swift X-ray
observations to infer a clumpy stellar wind with r−2 density profile and constrain the
Lorentz factor of the pulsar wind to 105 < γw < 10
6. We investigate the effects of an
axisymmetric stellar wind with polar gradient on the X-ray emission. Comparison of
the X-ray light curve hundreds of days before and after the periastron can be used to
explore the polar structure of the wind.
Key words: pulsars: individual: PSR J2032+4127 – radiation mechanisms: non-
thermal – stars: massive – X-rays: binaries
1 INTRODUCTION
PSR J2032+4127/MT91 213 is a γ-ray binary system,
discovered by the Fermi Large Area Telescope (Fermi-
LAT) (Abdo et al. 2009) and associated with the source
TeV J2032+4130 (Camilo et al. 2009). The compact object
of the binary is PSR J2032+4127, a young (∼ 0.2 Myr) pul-
sar with spin-down luminosity Lsd ≃ 1.7× 1035 erg s−1 and
spin period P = 143 ms yielding a magnetic field strength
of ∼ 2 × 1012 G. The companion is most likely a Be star
(MT91 213: Massey & Thompson 1991) that belongs to the
Cygnus OB2 association at a distance d = 1.33 ± 0.60 kpc
(Kiminki et al. 2015). The pulsar is on a highly eccentric
orbit (e ∼ 0.93 − 0.99) around its companion with an or-
bital period of Porb ∼ 44− 49 yr (Ho et al. 2017). The long
Porb and short spin period make the system an outlier of
the P − Porb diagram for Be X-ray binaries (Corbet 1984).
However, we note many similarities between this system and
PSR B1259-63/LS 2883 (Chernyakova et al. 2014).
X-ray monitoring of the system with Swift has revealed
a gradual increase of the X-ray luminosity combined with
episodes of flaring activity (Ho et al. 2017; Li et al. 2017).
The enhancement of the X-ray emission is believed to arise
from the interaction between the relativistic wind of the
pulsar and the outflowing wind of the companion Be star.
Within this scenario, Takata et al. (2017) have recently ar-
gued that the Swift X-ray light curve (LC) can be explained
by either a variation in the momentum ratio of the two winds
along the orbit or with a pulsar wind magnetization that de-
pends on the distance from the pulsar.
In this Letter, we provide analytical expressions con-
necting the X-ray luminosity of the binary system with prop-
erties of the stellar wind and the relativistic wind of the
pulsar. We assume that the observed X-ray emission results
from synchrotron emitting pairs which are accelerated at the
termination shock formed in the relativistic wind of the pul-
sar. We search for deviations from the typical r−2 density
profile of the companion Be star and also provide model X-
ray LCs for scenarios where the stellar wind properties have
polar and radial dependences.
The upcoming periastron, occurring in mid-November
2017, provides a unique opportunity to observe variations in
the emission of the system from X-rays up to TeV γ-rays.
Follow-up X-ray observations after the periastron passage
will allow us to explore anisotropies in the wind properties
of a massive star.
2 MODEL SETUP
We adopt the scenario where the observed X-ray emission
from PSR J2032+4127/MT91 213 is attributed to the syn-
chrotron radiation from relativistic electrons and positrons
(i.e., pairs). These are accelerated at the termination shock
formed by the interacting winds.
The shock terminates at a distance rt from the neutron
star, which can be derived by balancing the ram pressures
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of the pulsar and stellar winds (e.g. Lipunov et al. 1994;
Tavani et al. 1994):
rt =
√
Lsd
4πcρwv2r
≈
√
Lsd
4πcpw
, (1)
where pw = ρwv
2
w is the ram pressure of the stellar wind and
vr ≈ vw is relative velocity of the two winds along the orbit1.
The shocked pulsar wind moves with a mildly relativistic
speed (∼ c/2) and expands on the characteristic timescale:
texp ∼ 2rt
c
. (2)
In general, pw is expected to vary with radial distance, thus
leading to changes of rt and texp along the pulsar’s orbit.
The magnetic field of the shocked pulsar wind can also be
expressed in terms of pw as follows:
B ≈
√
8πǫBpw, (3)
where the dimensionless parameter ǫB is related to the wind
magnetization σ (Kennel & Coroniti 1984) as ǫB = 4σ. At
the termination shock, pairs are expected to accelerate and
obtain a non-thermal energy distribution typically described
by a power law with slope p > 2. The pair injection rate
into the shocked pulsar wind region can be written as (e.g.
Christie et al. 2017):
Q(γ) ≃ ǫeLsd(p− 2)
γ2minmec
2
(
γ
γmin
)−p
, γ ≥ γmin, (4)
where ǫe ≤ 1 is the fraction of the pulsar’s spin-down
power transferred to relativistic pairs and γmin is the mini-
mum Lorentz factor of the pairs, γmin = γw(p− 2)/(p− 1).
Among the free parameters of the model, γw is the most
uncertain one with values in the range 102 − 106 (e.g.
Montani & Bernardini 2014; Porth et al. 2014).
Henceforth, we assume equipartition between particles
and magnetic fields in the downstream region of the shock,
i.e., ǫe = ǫB = 0.5 (e.g. Porth et al. 2014). Synchrotron pho-
tons of energy ǫx will be produced by pairs with Lorentz
factor:
γx ≃ 3× 106 p−1/4w,−4
( ǫx
5 keV
)1/2 ( ǫB
0.5
)−1/4
, (5)
where pw = 10
−4pw,−4 g cm
−1 s−2. As long as the syn-
chrotron cooling timescale of the X-ray emitting pairs is
longer than texp (slow cooling regime), the X-ray syn-
chrotron luminosity emitted over a frequency range [νx1, νx2]
will be given by:
Lx = CfxL3/2sd γp−2min ǫeǫ
p+1
4
B p
p−1
4
w , (6)
where fx =
(
ν−β+1x1 − ν−β+1x2
)
/(β − 1), β = (p− 1)/2, and
C = σT(8π)
p+1
4 (2πmec/e)
3−p
2 (p − 2)/ (6πmec2√4πc). For
the derivation of eq. (6), we used the δ-function approxi-
mation for the synchrotron emissivity, the relation N(γ) =
Q(γ)texp, and eqs. (1)-(4).
1 The pulsar moves at most with ∼ 100 km s−1 at periastron,
whereas vw ∼ 103 km s−1.
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Figure 1. Plotted (from top to bottom) as a function of time
till periastron (MJD 58069): the unabsorbed 0.3 − 10 keV Swift
X-ray LC of the binary, the ram pressure of the stellar wind, the
mass-loss rate of the stellar wind for vw = 103 km s−1, and the
ratio of the synchrotron to expansion timescales for pairs emit-
ting at 0.3 keV (black symbols) and 10 keV (magenta symbols).
The horizontal magenta coloured lines indicate the typical range
of values for the mass-loss rate of B stars (Martins et al. 2008;
Krticˇka 2014).
3 X-RAY OBSERVATIONS
Swift/XRT observations can provide a detailed X-ray LC
of the system while available XMM-Newton, Chandra, and
NuSTAR observations can be used to derive accurate spec-
tral properties. We note that all available observations, apart
from those of NuSTAR, yield compatible spectral properties
(Ho et al. 2017; Li et al. 2017).
The Swift/XRT LC (up to MJD 58033.4) was pro-
duced following the instructions described in the Swift data
analysis guide (http://www.swift.ac.uk/analysis/xrt/).
We used xrtpipeline to generate the Swift/XRT prod-
ucts, and extracted events by using xselect (HEASoft
FTOOLS; Blackburn 1995). The LC was also compared for
consistency with the automated Swift/XRT online products
(Evans et al. 2007). To transform the Swift/XRT rates to
unabsorbed luminosities, we assumed a distance of 1.3 kpc
and a power-law spectrum with photon index Γ = 2 and col-
umn density NH = 7.7×1021 cm−2 (see Table 4 in Ho et al.
2017).
4 RESULTS
A transition from the slow cooling to the fast cooling regime
can result in a softening of the X-ray spectrum and in the
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saturation of the system’s X-ray luminosity at a fraction of
ǫeLsd, namely:
Lx,s ≈ 2× 1034 erg s−1 p1/4w,−4
Lsd
1035erg s−1
× (7)
( γw
106
)( ǫe
0.5
)( ǫB
0.5
)1/4 ( ǫx
1 keV
)−1/2
,
where eq. (5) and p = 3 were used. In what follows, we
assume that pairs emitting in the Swift energy band (0.3-
10 keV) are slow cooling (i.e., tcool > texp), since there is
no sign of saturation in the Swift data. We benchmark the
power-law index of the pair distribution to p = 2Γ− 1. The
validity of our assumption will also be checked by comparing
a posteriori the synchrotron cooling and shock expansion
timescales.
4.1 Spherical stellar wind
By matching eq. (6) to the unabsorbed Swift X-ray luminos-
ity, we derive pw for any set of the model free parameters
(i.e., γw, ǫe, and ǫB). Our results for ǫe = ǫB = 0.5 and
γw = 10
6 are presented in Fig. 1. The top and middle pan-
els show, respectively, the Swift X-ray LC and the inferred
ram pressure of the stellar wind, pw ∝ L2xγ−2w ǫ−2e ǫ−2B . The
temporal variability of pw may originate from changes in the
wind’s velocity and/or density. Simulations of line-driven
winds from massive stars have shown that both their veloc-
ity and density are strongly variable close to the stellar sur-
face (e.g. Feldmeier 1995; Lobel & Blomme 2008). The wind
velocity is typically less variable than the density, which
may vary more than two orders of magnitude (see Fig. 1
Bozzo et al. 2016). In addition, at the distances of interest
(i.e., r ≫ R⊙), the stellar wind is expected to move with its
terminal velocity. As a zeroth order approximation, we thus
attribute the changes of pw (middle panel) to changes of the
wind’s density and assume that vw is constant with radius
and equal to its terminal value (∼ 103 km s−1).
Assuming spherical symmetry, the mass-loss rate of the
wind can be estimated as M˙ = 4πr2pw/vw, where r is the
separation distance of the binary members. The mass-loss
rate fluctuates around an average value of ∼ 10−9 M⊙ yr−1
that falls within the value range for B stars (Martins et al.
2008; Krticˇka 2014). Interestingly, the inferred mass-loss rate
is compatible with ρw ∝ r−2, while density enhancements
giving rise to X-ray flares (top panel in Fig. 1) can be ex-
plained by a clumpy wind (e.g. Oskinova et al. 2012). Be-
cause of the scaling pw ∝ γ−2w , the inferred mass-loss rate
could be as high as 10−7 M⊙ yr
−1 for a slower pulsar wind
with γw = 10
5. Unless the Be star of the binary has an un-
commonly high mass-loss rate, then we can set a lower limit
on the γw by requiring that 〈M˙〉 . 10−7 M⊙ yr−1:
γw & 10
5
(
0.5
ǫe
)(
0.5
ǫB
)(
103 km s−1
vw
)1/2
. (8)
The synchrotron cooling timescale of pairs emitting at
energy ǫx is tsyn ∝ ǫ−1/2x L−3/2x ǫ3/4B (γwǫe)3/2 (see eqs. (3),
(5)) and is longer than texp for the adopted parameters (bot-
tom panel in Fig. 1). Transition to the fast cooling regime
during the period of Swift observations would be relevant
for γw < 10
5, which would, in turn, imply very high mass-
loss rates in contradiction to the expected values for B stars
as discussed above (see also eq. (8)). Although synchrotron
 ✁✂✄
✒
Figure 2. Sketch of the Be wind structure. The properties of
the wind depend on the distance from the star and on the polar
angle θ. The product of the plasma density and velocity becomes
lower as we move from the equatorial plane (θ = 0) to the pole
(θ = pi/2), as indicated with the colour gradient. The Be disc
(red coloured region) is Keplerian and geometrically thin with
high plasma density. Two possible orientations of the pulsar’s
orbit through the wind structure are shown. The pulsar’s orbital
plane is perpendicular to the Be star’s equatorial plane (objects
are not in scale).
cooling is not relevant for the X-ray emitting pairs during
the period of Swift observations, we discuss the possibility
of inverse Compton cooling in section 5.
4.2 Axisymmetric stellar wind with polar gradient
The extended atmosphere of a Be star can, in general, be
divided into two regions: the equatorial (decretion) disc re-
gion and the wind region (Okazaki et al. 2011). The former
is described by a geometrically thin Keplerian disc with high
plasma density (for a review, see Porter & Rivinius 2003),
whereas the wind region is composed of low density plasma
moving with ∼ 103 km s−1.
Here, we consider a toy model for the description of the
wind structure. We assume that the stellar wind is axisym-
metric (i.e., no azimuthal dependence) and model the ram
pressure of the stellar wind as (e.g. Petrenz & Puls 2000;
Ignace & Brimeyer 2006):
pw(r, θ) = p0 r
−n (1 +G |cos θ|m) , (9)
where the distance r is measured from the focus of the ellipse
where the Be star is located, the polar angle θ ∈ [0, 2π] is
measured from the Be equator, and n,m > 0. The constant
G is the equator-to-pole density contrast, the power-law in-
dex m determines the confinement of the wind to the equa-
torial plane, and p0 is a normalization constant. The latter
is determined by requiring pw = 10
−5 g cm−1 s−2 when
the binary separation is 4 × 1014 cm about 1000 d before
periastron.
We consider the case where the pulsar’s orbital plane is
perpendicular to the Be’s equatorial plane (see Fig. 2), since
we have no knowledge of the system’s orientation at the time
of writing. The pulsar’s orbit can be then expressed in terms
MNRAS 000, 1–?? (2017)
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Figure 3. X-ray LCs from the interaction of the pulsar wind with different wind structures modelled by eq. (9). (a) We vary the angle
θod (inset legend) for fixed m = 3 and G = 10. The LC obtained for a stellar wind without polar dependence (i.e., G = 0) is also
shown for comparison (magenta dashed line). Swift data (MJD 58019.9) and their symmetric ones with respect to the periastron time
are over-plotted with black and grey symbols, respectively. (b) We vary the equator-to-pole density contrast G (inset legend) for fixed
θod = 30° and m = 3. (c) We vary the confinement of wind to the equatorial plane by changing the power-law index m (inset legend) for
fixed θod = 30° and G = 10. In all panels we used n = 2 and pw = 10
−5 g cm−1 s−2 at ∼ 1000 d before periastron.
of θ as rNS(θ) = a(1 − e2)/[1 + e cos (θ − θod)], where e is
the eccentricity of the orbit and θod is the angle between the
equator of the star and the orbit’s semi-major axis a.
The effect of different wind structures on the X-ray LCs
is exemplified in Fig. 3. For the displayed cases, we keep
n = 2 (see previous section) while varying θod, G, and m
separately – see panels (a) to (c) in Fig. 3. The LC shape
can be symmetric around periastron only for specific orien-
tations; for θod = 0°, the LC shows a major peak at peri-
astron, while it exhibits two symmetric peaks for θod = 90°
as the pulsar crosses the dense equatorial wind twice. All
other configurations result in anisotropic LCs. Although the
binary separation does not change much close to periastron,
the polar variation of the wind becomes stronger for larger
G values. This results in LCs with sharp features (dips or
peaks) close to the periastron. The duration of these features
is determined by the pulsar’s speed as it passes through re-
gions with different wind properties along its orbit. Addi-
tionally, the G parameter can mimic the effect of different
angles between the pulsar’s orbital plane and the Be disc
plane. The parameter m determines the confinement of the
wind to the equatorial plane of the star. Changes in m do
not strongly affect the LC close to periastron, but have an
impact on the LC shape hundreds of days before or after. A
radial wind profile that deviates from the standard one (i.e.,
r−2) may masquerade an axisymmetric stellar wind with po-
lar variations, namely n = 2 and m > 0 (see eq. (9)), but
cannot explain asymmetric LCs around periastron.
5 DISCUSSION
The Swift X-ray data indicate the presence of a clumpy stel-
lar wind whose density scales, on average, as ∼ r−2. The
latter can explain the gradual increase of the X-ray lumi-
nosity as the pulsar approaches periastron, while the X-ray
flares are attributed to clumps of dense matter (section 4.1).
Relativistic hydrodynamic simulations of an inhomogeneous
stellar wind interacting with a pulsar wind show that the
two-wind interaction region can be perturbed by clumps (see
e.g. Paredes-Fortuny et al. 2015). These perturbations may
enhance the energy dissipation of the pulsar wind at the ter-
mination shock, strengthen the post-shock magnetic field, or
change the direction of motion of the shocked pulsar wind,
thus giving rise to X-ray flares (de la Cita et al. 2017).
Synchrotron cooling is not relevant for X-ray emitting
pairs in the 0.3 − 10 keV band during the period of Swift
observations, as shown in Fig. 1. This holds also for more
energetic pairs that emit in the NuSTAR energy band (i.e.,
up to 80 keV). It seems therefore unlikely that the softening
of the NuSTAR X-ray spectrum in 2016 is caused by syn-
chrotron cooling (Li et al. 2017), unless γw < 10
3. Inverse
Compton (IC) scattering of stellar photons can also be a
potential source of pair cooling. For a typical Be star with
T∗ = 3× 104 K, pairs radiating at ǫx ∝ Bγ2x will Thomson
up-scatter stellar photons from the Rayleigh-Jeans part of
the spectrum with ν < νT ≡ 3mec2/hγx and energy density
uT ≃ 2πkT∗ν3T(10R⊙)2/(3c3r2). For the same parameters as
in Fig. 1, we find that the shortest IC cooling timescale for
pairs emitting at 0.3 keV is & texp at periastron.
A two-wind interaction is expected for the largest part
of the pulsar’s orbit, whereas the interaction of the pulsar
wind with the Be disc may become relevant only close to the
periastron (for a detailed study, see Takata et al. 2017). In
principle, the Be disc/pulsar wind interaction can be stud-
ied with eq. (9), since the X-ray luminosity depends on the
product of the density and relative velocity of the interact-
ing plasma flows. Takata et al. (2017) derived ∼ 0.2 g cm−1
s−2 close to periastron, by adopting a specific model for the
Be disc with ρ = 10−10 g cm−3 on the stellar surface and
rotational velocity ∼ 107 cm s−1 at r ∼ 1 au (see eqs. (8)-(9)
therein). We obtain similar values using eq. (9) for large m
and G values (e.g., m = 27, G = 100).
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Current Hα measurements suggest a Be disc with size
∼ 0.2 − 0.5 au (Ho et al. 2017). It is well known that the
Hα emission only arises in an inner portion of the disc and
the actual size of decretion discs can be many times larger.
Thus, as the pulsar approaches periastron, it may interact
with stellar material. This can be then captured by the neu-
tron star, if the termination shock lies within its gravita-
tional sphere of influence. This translates to ρ & 3× 10−16
g cm−3 at periastron, for vr = 100 km s
−1. Even in this
case, however, a type-I outburst is unlikely to happen (see
e.g. Okazaki & Negueruela 2001). Any accretion onto the
rapidly rotating neutron star will be halted by the propeller
effect (Illarionov & Sunyaev 1975), unless the accretion rate
is extremely high: M˙a = (2−20)×1018 g s−1 corresponding
to Lx = (5− 50)× 1038 erg s−1 (Campana et al. 2002).
The pulsar spins down due to electromagnetic torque
NEM = −µ2Ω3/c3, where Ω and µ are the pulsar’s
angular spin frequency and magnetic moment, respec-
tively. Close to the periastron, the pulsar may experi-
ence an additional spin-down due to the propeller effect
on the plasma “held” outside the corotation radius (e.g.
Illarionov & Sunyaev 1975; Ghosh 1995). We adopt the
conservative expression of Illarionov & Sunyaev (1975) for
the propeller torque (for details, see Papitto et al. 2012):
Nprop = −M˙a
√
GMRmΩK(Rm)/Ω, where ΩK is the Keple-
rian velocity, Rm = ξ
(
µ4/2GMNSM˙
2
a
)1/7
is the magneto-
spheric radius, and ξ ≃ 0.5 − 1 (see Chashkina et al. 2017,
and references therein). The total spin-down torque acting
upon the pulsar will be at least doubled, if M˙a & 4× 1017 g
s−1. Assuming that the propeller torque acts upon the
pulsar for ∼ 10 d, we expect a spin-frequency change of
−4× 10−6 Hz, i.e. an anti-glitch (S¸as¸maz Mus¸ et al. 2014).
The predicted effect could be detectable by Fermi–LAT
which has already measured a pulsar glitch with ∆ν =
1.9× 10−6 Hz (Lyne et al. 2015).
The upcoming periastron passage of PSR J2032+4127
offers a unique opportunity to observe the system across
the electromagnetic spectrum. In this Letter, we focused on
the non-thermal X-ray emission of the system and showed
how it can be used to map the wind properties of the stellar
companion. Comparison of the X-ray light curve hundreds of
days before and after the periastron will allow us to explore
the polar structure of the wind while changes in the pulsar’s
spin-down rate close to the periastron may probe the rate
of mass captured by the neutron star.
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